Water deficit is one of the major stresses affecting plant growth and productivity worldwide. Plants induce various morphological, physiological, biochemical and molecular changes to adapt to the changing environment. Safflower (Carthamus tinctorius L.), a potential oil producer, is highly adaptable to various environmental conditions, such as lack of rainfall and temperatures. The objective of this work was to study the physiological and production characteristics of six safflower lines in response to water deficit followed by rehydration. The experiment was conducted in a protected environment and consisted of 30 days of water deficit followed by 18 days of rehydration. A differential response in terms of photosynthetic pigments, electrolyte leakage, water potential, relative water content, grain yield, oil content, oil yield and water use efficiency was observed in the six lines under water stress. Lines IMA 04, IMA 10, IMA 14 showed physiological characteristics of drought tolerance, with IMA 14 and IMA 16 being the most productive after water deficit. IMA 02 and IMA 21 lines displayed intermediate characteristics of drought tolerance. It was concluded that the lines responded differently to water deficit stress, showing considerable genetic variation and influence to the environment.
INTRODUCTION
Safflower (Carthamus tinctorius L.) is one of the world's oldest cultivated crops. It is an oilseed crop, from the Asteraceae family, not very popular compared to other oil crops such as soybean, sunflower and peanut because it is not widely cultivated around the world (Canavar et al. 2014 ).
The areas with safflower production are generally without irrigation, in arid and semiarid climates with low agricultural potential, and without additional use of fertilizers (Hojati et al. 2011) .
Safflower cultivation has expanded in the Asian, European and American continents, due to it's ability to overcame environment stresses, as well as to the recognition of its numerous utilities, such as, a source of good quality oil, high value for industrial and food purposes and for ornamental use (Sehgal et al. 2009 ). In recent years, its importance has been growing, mainly for the production of biofuels (Canavar et al. 2014) .
Leaf chlorophyll content is a fundamental variable for the understanding of plant responses to the environment and it is a potential indicator of the degree of stress, since it has a direct role in the photosynthetic process of light capture and electron transport (Schlemmer et al. 2005 ). In addition, water deficit is responsible for the loss of pigments indicating that susceptible plants tend to have a reduced chlorophyll content, which leads to a reduction of the leaf photosynthetic activity (Homayoun et al. 2011) .
The cell membranes are also affected by water deficit. According to Farooq et al. (2009) , changes in cell membranes may be one of the earliest signs of stress. The membrane has great importance in maintaining the viability of the cell, promoting osmotic and ionic equilibrium between the cell, its components and the environment, therefore, the maintenance of the integrity and stability of the membranes is a mechanism of stress tolerance (Bajji et al. 2002) .
Safflower has favorable characteristics for cultivation under the conditions present in all regions of the Brazilian territory, due to its adaptability, to drought and heat, and low cost of production, and it can be an alternative planting in the off season. It is fundamental to know and identify physiological characteristics related to the capacity to maintain water status and plant productivity helping to understand the mechanisms of drought tolerance of safflower lines and improve the knowledge about the crop and techniques of culture. The increasing consumption of vegetable oil and need for ornamental flowers, are important factors that shows necessity of extension of safflower research programs. Thus, the objective of this work was to evaluate the physiological and productivity characteristics of six safflower lines in response to water deficit and rehydration capacity, in order to assist in the selection of lines that best adapt to arid and semiarid regions.
MATERIALS AND METHODS

SITE DESCRIPTION
The experiment was carried out in a protected environment without temperature and humidity control, located in the Department of Crop Production and Breeding of the School of Agricultural Sciences -UNESP, in BotucatuSão Paulo, Brazil (22º51'01" South latitude and 48º25'55" West longitude and 800.1 m above sea level), between May and October 2014. All the boxes were maintained at field capacity (FC) for up to 55 days after sowing (DAS), corresponding to the vegetative phase of stem elongation and branching. After this, the plants were exposed to a moderate water deficit stress for a period of 30 days. In the treatment without a deficit (-D) the plants were watered with the amount necessary to maintain the ideal moisture content in the soil, around -10 KPa (corresponding to 100% field capacity), while in the treatment with a deficit (+D), the plants were maintained with 50% of the moisture content, characterized as moderate stress.
After the 30 day deficit period, the plants were rehydrated for 18 days, restoring the water supply corresponding to 100% field capacity.
On average, field capacity required applying a total of 423, 485, 473, 519, 439 and 464 mm, and in the treatment of water deficit followed by rehydration requires 279, 307, 301, 356, 327 and 260 mm of water for the lines, IMA 02 , IMA 04, IMA 10, IMA 14, IMA 16 and IMA 21, respectively.
DATA COLLECTION
The evaluations were carried out at two periods, 30 days after plant exposure to water deficit (85 DAS), and 18 days after the end of the water deficit (plant recovery) (103 DAS). The harvest was at 161 DAS.
PHOTOSYNTHETIC PIGMENTS
The photosynthetic pigments were determined from leaves collected from the upper third of the plants and taken to the laboratory, where two leaf discs (0.69 cm 2 each) were sampled from the leaf blade by a punch between the edge and the central leaf rib. The values of chlorophyll a, chlorophyll b, chlorophyll total (a + b) and carotenoids were determined according to the methodology described by Lichtenthaler (1987) , in which the absorbance reading of 1 mL of chlorophyll extract diluted in 1 mL of deionized water was performed in spectrophotometer (7315, Jenway, Staffordshire, UK) at wavelengths of 470, 645 and 663 nm.
ELECTROLYTE LEAKAGE
The evaluations of electrolyte leakage were determined through indirect determination. Ten leaf discs of 0.69 cm 2 in diameter were collected from fully expanded leaves of the upper third of each plant. The methodology of Scotti Campos 
Irrigation represents the amount of irrigation (mm) during the experiment.
EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS
The experiment was conducted under a randomized complete block design with four replicates. Physiological parameters were analyzed in a 6 x 3 factorial scheme. The first factor was composed of six safflower lines and the second factor consisted of three water regimes (control, deficit, rehydration) . Productivity parameters were analyzed at the end of the experimental period, in a 6 x 2 factorial scheme. The first factor was composed of six safflower lines and the second factor consisted of two water regimes (control, deficit followed by rehydration).
The data were analyzed for normality test and an analysis of variance (ANOVA), and Tukey test was used. Data were submitted to the multivariate principal component analysis. Data were considered significant at p≤0.05. Data analyzes was performed using the statistical software Sisvar version 5.3.
RESULTS
The principal component analysis provided an overview of all the physiological parameters evaluated for the different treatments. The results showed a clear separation between the treatments, as seen in Figure 1 . Irrigated, water deficit and rehydration conditions formed three distinct groups, indicating that the treatments influenced the evaluated traits. It should be noted that the plants in the rehydration treatment did not fully recover after rehydration, being positioned between the values of the traits under irrigation and under water deficit ( Fig. 1) .
Regarding the principal components analyses, the first component (PC1) explains 51.3% of the data variability and the second component (PC2) explains 35.5% (Table I ). The most significant variables, in descending order in PC 1, were total chlorophyll content, chlorophyll a content, carotenoids, chlorophyll b content, water potential and electrolyte leakage (Table I) . These traits were highlighted in the differentiation of lines during water deficit followed by rehydration.
PHOTOSSYNTHETIC PIGMENTS
The photosynthetic pigments, chlorophyll a, and b, were significantly affected by the lines, water regime and interaction (p≤0.05). Total chlorophyll and carotenoid were significantly affected by the lines and the interaction between the factors.
Regarding to chlorophyll a, was observed an increase in the content after rehydration for line IMA 10 (Table II) . In general, lines IMA 10 and IMA 14 had the highest production of chlorophyll a, b (Table II) , total chlorophyll and carotenoid (Table III) . Line IMA 16 had the lowest chlorophyll a, b, total and carotenoid content production.
The greatest damage caused by the water deficit in the chlorophyll a content was observed in lines IMA 04 and IMA 16, with reductions of 10.9 and 15.5%, respectively. Lines IMA 14 and IMA 21 had an increase of 37.1 and 2.1%, respectively, while lines IMA 02 and IMA 10 mostly maintained similar values.
Considering the chlorophyll b content, the highest decrease under water deficit was observed in lines IMA 02, IMA 04 and IMA 16, with 23.3, 25.2 and 23.2%, respectively, while line IMA 10 had a reduction of only 18.7%. On the other hand, the lines IMA 14 and IMA 21 showed an increase The mean values were 26.9, 78.9 and 35.6% in the control, deficit and rehydration respectively (Table  IV) . Line IMA 02 had the highest electrolyte leakage and line IMA 21 had the lowest (Table IV) . The water deficit increased the electrolyte leakage, which decrease after rehydration, but some lines could not reach the control values.
The highest increase of electrolyte leakage after water deficit was observed the line IMA 04, with an increase of 228% in electrolyte release, followed by lines IMA 14 (205.8%), IMA 21 (203.5%) and IMA 10 (193.8%). The lowest leakage increase was observed in the line IMA 16, 147.0%.
Regarding to recovery after rehydration, lines IMA 14 and IMA 10 had the highest rates of membrane recovery, with an electrolyte leakage of 30.4 and 32.8% respectively, both recovering 62.5% of the membrane capacity. Line IMA 21 and IMA 02 had the lowest recovery capacity, respectively 45.3 and 43.6%, that is, the release of electrolytes from their cells continued high.
PLANT WATER RELATIONS
The leaf water potential (Ψw) was significantly affected by the lines, by the water treatments, as well as by the interaction between these factors (Table IV) .
The mean values of Ψw were -0.83, -3.12 and -1.38 MPa in the control, deficit and rehydration regimes, respectively (Table IV) . Line IMA 16 had After rehydration, the values of Ψw decreased, but these remained higher than those of the control treatment. Lines IMA 02, IMA 04, and IMA 14 had the highest recovery rates, i.e., 59.6, 59.5 and 58.1% respectively, while line IMA 21 showed the lowest recovery rate, i.e., 45.4%.
The relative water content (RWC) was significantly affected by the water regime (p≤0.05), but there was no effect of the interaction and the lines (Table IV) . RWC mean values were 84.0, 45.9 and 84.5 in the control, deficit and rehydration respectively.
After rehydration, the lines showed an increase in RWC values, reaching the same values as those of the control regime, indicating good recovery. 
GRAIN YIELD
Grain yield was significantly affected by lines (p≤0.05) and water regime, but there was no interaction between these factors (Table V) . In the control regime the grain yield mean value was 1,552.1 kg ha -1 , and the mean value of the water deficit followed by rehydration regime was 1,144.9 kg ha -1 (Table V) . Lines IMA 16 and IMA 21 had the highest productivity and line IMA 02 showed the lowest.
OIL CONTENT
The oil content was significantly affected by lines, water treatments and the interaction between these factors (p≤0.05) ( Table V) .
In the control regime the mean value was 24.18%, while in the water deficit treatment followed by rehydration the mean value was 26.61% (Table V) . Lines IMA 04 and IMA 10 had the highest value for oil content, and line IMA 02 showed the lowest.
Responses of the lines under water deficit and rehydration varied with respect to the oil content. Line IMA 04 stood out in the oil content in the control treatment, 30.69%, and had the lowest reduction under water deficit and rehydration, i.e., only 2%, and the lines IMA 21 and IMA 14 had the greatest reduction of 6 and 13%, respectively. On the other hand, other lines showed an increase in oil content under water deficit followed by rehydration. The oil yield was affected significantly by line and water treatments (p≤0.05), but there was no interaction between these factors (Table VI) .
In the control treatment, the mean value was 379.5 kg ha -1 , while in the treatment with water deficit followed by rehydration the mean value was 310.7 kg ha -1 (Table VI) . Lines IMA 04, IMA 16, IMA 10, IMA 21 and IMA 14 were the most productive, while line IMA 02 had the lowest oil yield.
WATER USE EFFICIENCY
The water use efficiency (WUE) was significantly affected by the lines (p≤0.05), by not by the water regime and the interaction between the two factors (Table VI) . The mean value for the control regime was 3.37 kg ha -1 mm -1 and 3.73 kg ha -1 mm -1 in the treatment of water deficit followed by rehydration. The lines IMA 16 and IMA 21 had the highest value for water use efficiency, and the line IMA 03 had the lowest value (Table VI) .
DISCUSSION
Water deficiency usually promotes the degradation of chlorophyll, caused by photo-inhibition, reduction of photosynthetic efficiency or other processes, such as cell division and expansion (Araújo and Deminicis 2009) . In this way, it is expected that lines that maintain a higher contents of photosynthetic pigments under water deficit can tolerate this condition (O'Neill et al. 2006) . The concentration of pigments in the leaves may change due to abiotic factors, such as light and water, so the quantification of the pigments can provide important information about the relationship between the plant and the environment (Larcher 1995) . Increase in chlorophyll content in safflower genotypes may indicate tolerance to water deficit. Our data showed a reduction in chlorophyll a, b, total and carotenoid values after water deficit in safflower genotypes considered susceptible to stress and an increase in these levels in the tolerant genotypes, and this effect was also observed in safflower by Amini et al. (2013) . The reduction in chlorophyll content is associated with losses in the process of photosynthesis, mainly in the assimilation of CO 2 , which, consequently, leads to lower productivity. In fact, the content of photosynthetic pigments is a good indicator of plant vigor, and photosynthetic capacity is directly dependent on this characteristic (Carter and Spiering 2002) . Therefore, line IMA 14 can be considered as stress tolerant because of the increase in the photosynthetic pigment indices, and the low reduction in leaf water relations.
Carotenoids are accessory pigments that play a key role in protecting against photosynthetic photoinhibition, and they are important in preventing oxidative damage caused by stress (Wahid 2007) . Previous research in others crops systems such as rice has shown a reduction of 30.6% to 48.3% in the carotenoid content in rice genotypes classified as sensitive and a decrease of 10.0 to 12.9% in genotypes classified as stress tolerant (Chutipaijit et al. 2012) . Therefore, an increase or a slight reduction in these levels are important indicators of stress tolerance. The line IMA 14 maintained high levels of carotenoids, and can be considered to be stress tolerante. Arunyanark et al. (2008) demonstrated that pigment content is important in the differentiation of peanut genotypes, and that, genotypes with the capacity to maintain high values of photosynthetic pigments are more tolerant to stress.
The higher the stress, the more damages to the cell membranes, leading to an increase in electrolyte leakage. The plant's ability to maintain plasma membrane integrity is lower, which may indicate stress sensitivity. The maintenance of membrane integrity after water deficit is an important indicator of stress tolerance (Bajji et al. 2002) . Wheat cultivars with lower electrolyte leakage were classified as stress tolerant because they demonstrated the ability to maintain membrane integrity. The same was observed in safflower (Zebarjadi et al. 2010) and in peanut cultivars (Clavel et al. 2005) . In the present study, line IMA 16 showed the lowest electrolyte leakage under stress and good ability to maintain membrane stability, indicating drought tolerance.
Modifications in the lipid composition of the plasma membrane, and maintenance of its integrity and functionality are essential when the plant undergoes periods of abiotic stress, such as water stress (Amini et al. 2013 ). In our study, lines IMA 10 and IMA 14 can be considered tolerant because they have a high capacity to recover the stability of the plasma membrane. Gholami et al. (2012) also observed a recovery in membrane integrity values after rehydration, and they classified as tolerant the cultivars with greater capacity to maintain membrane stability and recovery of this characteristic after rehydration.
A number of studies showed that relative water content and water potential are affected by water deficit in safflower (Hussain et al. 2016 , Singh et al. 2016a , c, Eslam 2011 , Hojati et al. 2011 ) and fig (Gholami et al. 2012 , and they are widely used as indicator of the water status of the plant (Hojati et al. 2011) .
Eslam (2011) Hojati et al. (2011) observed a significant decrease in RWC and water potential after stress due to water deficit in safflower genotypes, with reductions of 20% in RWC and 69% in water potential compared to the control.
Plants that exhibit high leaf dehydration frequently undergo osmotic adjustment, or changes in cell wall elasticity, since these mechanisms are essential for the maintenance of physiological activity during long periods of drought (Faraooq et al. 2009 ).
After rehydration of a plant, the restoration of the stomatal opening takes at least a few days to normalize, and reestablish the total recovery of the water status of the plant (Távora and Melo 1991) . This character, however, is governed genetically, varying with the potential for crop recovery. Stress tolerant plants are able to maintain turgor during stress, or survive turgor reduction, or recover turgor completely after rehydration (Gazanchian et al. 2007 ). The maintenance of turgor under low water availability could be due to the osmotic adjustment and could be a drought tolerance mechanism (Singh et al. 2016c) .
Productivity is the result of a complex interaction between physiological factors (Farooq et al. 2009 ). Under stress conditions, there is a reduction in grain yield, due to the reduction in the assimilation of carbohydrates and in the reduction of the activity of synthetic enzymes (Eslam 2011 , Farooq et al. 2009 ). Yield can be determined by genetic factors, stress resistance or water use efficiency, and genotypes that maintain high yields under stress conditions are considered resistant (Blum 2005) . In arid and semi-arid climates, maintaining high yields is an important feature in the selection of safflower genotypes (Hussain et al. 2016) . Therefore, the lines IMA 14 and IMA 16 can be considered stress tolerant, and the lines IMA 02 and IMA 21 can be considered as stress susceptible.
Grain yield was reported to be reduced under conditions of water stress in safflower ( Another important trait affect by stress is oil content. Singh et al. (2016a) observed an increase in oil content of safflower lines under water deficit. During stress, there is an alteration of the plant dynamics, which prioritizes the translocation of photo assimilates for the development of the seeds, and lower water availability may cause an increase in the oil content of the seeds. In our study, line IMA 04 had the highest oil content in the control regime, while lines IMA 21 and IMA 14 had the lowest decrease after water stress and rehydration, and the lines IMA 10, IMA 02 and IMA 16 had an increase in the oil content after imposing stress.
In contrast to our results, Ashrafi and Razmjoo (2010) verified that the oil content in the stress free treatment ranged from 25.2 to 30.7% among the genotypes, and as water stress increased the oil content reduced, with the maximum reduction of 13%. Omidi et al. (2012) reported that this trait depended mainly on genetics and was not influenced by the environment. Some authors agree that water deficit had no influence on the oil content of safflower genotypes (Dordas and Sioulas 2008 , Gharmarnia 2010 , Movahhedy-Dehnavy 2010 , Omidi et al. 2012 , and that, the oil content varied according to the genetic material used (Koutroubas et al. 2009 , Omidi et al. 2012 .
On the other hand, Camas (2007) and Hussain et al. (2016) reported that the differences in the oil content among the genotypes are a result of the genotype x environment interaction, in which the expression of the genes that control the oil production is in function of the environment.
The oil yield is determined by the oil content and grain yield (Koutroubas et al. 2009 ), thus, influenced by the line response to water regimes for both grain yield and oil content. Ghamarnia et al. (2010) observed variations in oil yield as a function of grain yield. Omidi et al. (2012) and Eslam (2011) reported a higher oil yield in the irrigated treatment than after water deficit there was reductions for this variable.
Singh et al. (2016b) observed a reduction in oil yield in safflower lines under water deficit, the lowest reduction occurred when the stress was in the vegetative phase and the highest reduction occurred when the stress was in the reproductive phase.
It is known that water deficit leads to increase in WUE (Lovelli et al. 2007) . Istanbulluoglu et al. (2009) and Lovelli et al. (2007) reported an increase in water use efficiency in safflower under water deficit compared to the irrigated treatment. Singh et al. (2016b) also observed an increase in water use efficiency after a period of drought stress with no improvement in yield with excessive irrigation. Ngouajio et al. (2007) reported an increase in WUE and yield in tomato cultivars (Lycopersicon esculentum) and Sapeta et al. (2013) in Jatropha curcas after water deficit. While Kar et al. (2007) and Songsri et al. (2009) noted an increase in the WUE with increased irrigation.
Water stress tolerant species maintain water use efficiency by reducing water loss (Farooq et al. 2009 ). WUE can be considered as a mechanism of stress tolerance and leads to an increase in productivity due to changes in water use (Canavar et al. 2014) . The decrease of WUE after the period of stress will result in a reduction in the productivity of these lines, indicating a greater susceptibility to water stress. WUE can be determinant for crop productivity (Lovelli et al. 2007) .
Recovery after rehydration is necessary to regulate plant metabolism, and it is associated with repair of possible damage caused by stress (Sun et al. 2016) . Several studies have shown that the plant has a gradual recovery after rehydration (Miyashita et al. 2005 , Shi et al. 2014 . The recovery of the physiological and production traits in the safflower lines after rehydration suggests that water stress did not cause permanent damage to the leaf photosystem, indicating some stress resistance of these lines (Chaves et al. 2009 (Chaves et al. , 2011 .
CONCLUSIONS
This study evaluated the effect of water deficit on the physiology and production of six safflower lines. In response to water deficit the safflower lines showed varying responses in terms of changes in the leaf relative water content, leaf water potential, grain yield, cell electrolyte leakage, chlorophyll a, b, totals and carotenoids content, oil content, oil yield and water use efficiency.
Lines IMA 04, IMA 10 and IMA 14 showed physiological responses of high tolerance to drought, in terms of better recovery of the parameters evaluated after rehydration. Lines IMA 02 and IMA 21 showed intermediate characteristics, as they recovered photosynthetic pigments, but they did not completely recover leaf water potential and electrolyte leakage. The line IMA 16 had a higher index of leaf dehydration, and no recovery of the chlorophyll a, b, total, carotenoids and
